New high-resolution imaging techniques have recently been developed for resolving the foveal cone mosaic in the living human eye. We present a theoretical analysis and numerical predictions of the performance and limitations of ocular speckle interferometry and related methods. Images were computer generated, simulating short-exposure recordings of a model of the cone mosaic imaged through the optics of the eye. Cases of both coherent and incoherent illumination are analyzed. Theoretical predictions are in good agreement with published experimental results. Our analysis and computer simulations validate these methods and successfully explain different observed effects. The simulation predicts a slight underestimation of the experimentally measured cone mosaic characteristic spatial frequency and how this effect can be compensated by deconvolution with a speckle transfer function. Other experimental observations, such as the improvement of the results after a preselection of the best images, the effect of both the defocus and changes in fixation, and the influence of the size of the illuminating spot, have been reproduced.
INTRODUCTION
In the past few years there has been increasing interest in improving the spatial resolution of ophthalmoscopic fundus imaging instruments. Some of the techniques that have been implemented for resolving detailed structures in the retina imaged through the optical system of the eye are borrowed from the field of astronomy, where the aim is to recover the high-spatial-frequency content of stellar objects observed by large telescopes through changing atmospheric turbulence. For example, measurements of the wave-front aberration of the eye by means of a Hartmann-Shack sensor have been performed, 1 and active optical compensation of the aberrations of the eye has already been done. 2 Individual photoreceptors, easily observed through the optical system in some vertebrates, 3, 4 cannot be resolved in the human fovea by means of conventional techniques. Artal and Navarro 5 proposed to adapt stellar speckle interferometry 6, 7 to determine foveal cone spacing. With this technique a series of short-exposure images with independent wave-front distortions that contains diffraction-limited information about the object is registered, and the average power spectrum is computed. On the basis of this idea, Williams's group at the University of Rochester 8 implemented a related technique, using incoherent light, to determine the topography of the cone mosaic in the living human fovea, which they successfully applied outside the foveal center. We recently developed a new experimental imaging system, 9 using coherent light (as proposed by Artal and Navarro 5 ) . With this system we obtained foveal cone spacing data, including the foveal center. We call this method ocular speckle interferometry, in analogy to stellar speckle interferometry. A detailed description of the method can be found in Ref. 9 . Figure 1 shows a schematic diagram of the system. We illuminate small patches of the fovea (5 arcmin) with a coherent green ( ϭ 0.543 m) unexpanded narrow Gaussian laser beam (undergoing no aberrations). Simultaneously, short-exposure (5-ms) images are recorded on a high-resolution CCD camera. The average power spectra of a series of speckle patterns typically presents rings or hexagons, corresponding to the characteristic spatial frequency of the cone mosaic, which varies among subjects and eccentricities.
In this study we present the theoretical background, along with a numerical analysis that we carried out to validate and analyze the results of this technique. In addition, the analysis allows us to get some insight into the nature of the reflection off the cone mosaic, paying special attention to the role of spatially coherent illumination. Atkinson et al. 10 suggested that, for the task of resolving the human cone mosaic, conventional imaging using coherent light is likely to be more efficient than using incoherent light. We shall compare both coherent and incoherent cases.
The paper is structured as follows: In Section 2 we introduce a realistic model of the complex amplitude reflectivity of the cone mosaic, based on anatomical data of topography and structural parameters of the photoreceptors. The imaging properties of the optical system of the eye are described in terms of Zernike polynomials for optical aberrations, whereas scattering produced by intraocular media is modeled, with complex Gaussian statistics, as a random phase distortion of the wave front at the pupil plane. In Section 3 we review the theoretical framework of speckle interferometry for coherent and incoherent illumination, which is applied in Section 4 to computer simulations, with use of the eye model of Sec-tion 2. In Section 5 we show how to improve the results by deconvolution with the speckle transfer function. Finally, in Section 6 we link the results of this computer simulation with previous experimental findings.
MODEL A. Cone Mosaic
The complex reflectivity of the cone mosaic (amplitude and phase) was modeled on the basis of the parameters reported in the literature about cone distribution, aperture, length, and index of refraction.
A photomicrograph of a transverse section of an excised fovea obtained by Curcio et al. 11 was digitized. To simulate the narrow illuminating beam, the image (having ϳ10 cones in a row) was multiplied by a Gaussian and was appropriately scaled, so that it represented a foveal patch of ϳ5 arcmin (equivalent to the illuminated area of the laser spot used in our experiments) with a cone spacing corresponding to a retinal eccentricity of ϳ0.5 deg in a normal subject. Next, a dot lattice was generated by selecting the center of each cone, as has been done in other studies. 12, 13 The amplitude reflectivity of the object was simulated by convolving the array of points with Gaussian functions, on the basis of the cone aperture model (Gaussian) proposed by MacLeod et al., 14 according to which the effective aperture of the cone is given by
where x, y are coordinates on the plane perpendicular to the cone axis and a represents the effective aperture of the cone and a the standard deviation of the Gaussian aperture. The width at half-maximum of the Gaussian function in Eq. (1) corresponds roughly to half the diameter of the inner segment or ϳ40% of the cone interdistance. 15 The phase of the complex object was assumed to be constant within each cone. The phase map was generated again as a convolution of the above-mentioned array of dots (cone center positions) with a circle with diameter of 80% of the cone interdistance. The phase of a single cone was calculated by using a three-segment model cone 16 with a mean length of 80 m (30 m for the myoid, 10 m for the ellipsoid, and a 40-m outer segment) 17 and the following indices of refraction: 1.361 for the myoid, 1.390 for the ellipsoid, 1.419 for the outer segment, 18, 19 and 1.348 for the surrounding medium. 20 The light was assumed to travel twice within the photoreceptors. As in the model proposed by Atkinson et al., 10 we assumed random length variations (following Gaussian statistics) of the outer segment of ϳ0.25 m, which causes random phase differences between adjacent cones. These values yield a mean optical path difference of 15 m between a single cone and the surrounding media. The rms for optical path differences between adjacent cones is 0.088, or 0.044 rms for phase differences ( ϭ 0.543 m in the experiments).
B. Optical System of the Eye
We have modeled the eye's complex pupil function as a circle with constant transmission (we consider a 5-mm pupil diameter) and the phase as a combination of deterministic aberrations plus a random variable component. Although the Stiles-Crawford effect causes a nonhomogeneous pupil transmission 21 that has proved to be important to account for the resolution of the method, 22 we did not consider it for a 5-mm pupil.
The wave aberration W(␣, ␤) was described by an expansion of normalized Zernike polynomials,
where 2 ϭ ␣ 2 ϩ ␤ 2 and a 7 (lateral coma), a 8 (vertical coma), a 9 , a 10 (elliptical coma), and a 11 (spherical aberration), etc., are the Zernike coefficients expressed in micrometers. We borrowed typical coefficients from the literature. 23, 24 We considered terms up to the seventh order: a 7 ϭ 0.12, a 8 ϭ Ϫ0.097, a 9 ϭ 0.13, a 10 Higher-order aberrations, microfluctuations of accommodation, 25, 26 micronystagmus, 26 fluctuations within the intraocular media attributed to dead cells rapidly moving in the vitreous humor, 26 etc., were represented as an additional random phase at the pupil plane. This random phase was treated as a form of turbulence (we call it turbulence in analogy to astronomy-atmospheric turbulence-although in the eye, turbulence is only a minor effect compared with other phase variations such as microfluctuations of accommodation) with the common assumption of complex Gaussian statistics. 7 Correlation of nearby points in the phase function was included by filtering two-dimensional, white-noise random-number sequences with a Gaussian filter. The parameters of the filter were chosen so that the rms phase deviation was 0.90 (or 0.45, ϭ 0.543 m). In this way we assume that higher-order aberrations, scattering, and timevarying factors are smaller than but of the same order of magnitude as aberrations. There is no a priori physical or physiological motivation to choose this magnitude for the random component. There are probably not enough data to model this phase component accurately, and our aim at this point is only to have a plausible enough model to test new high-resolution imaging methods, whereas the exact value of numerical parameters is less important. Nevertheless, we tested the plausibility of this pupil function by comparing the resulting modulation transfer function (MTF) with experimental data on human eyes. We first derived a long-exposure point-spread function 27 as an average of the 36 images of a point object imaged through the ocular optics with 36 different realizations of the turbulence (using different random-number seeds in the computation of the Gaussian random variable) to simulate double-pass measurements. Figure 2 compares the simulated long-exposure MTF with standard data corresponding to a fit of an average of eight MTF's measured on normal observers. 28 The agreement between simulated and experimental data is sufficient for our purposes.
THEORETICAL BACKGROUND
There is an abundant literature regarding the theory of speckle interferometry for resolving self-luminous or incoherently illuminated objects imaged through turbulence (see Ref. 7 and references therein). The analytical development for the case of imaging of coherently illuminated objects (as in our method 9 ) is more complicated and much more recent. [29] [30] [31] Diffraction-limited information about a coherently illuminated object can be obtained from the average power spectrum of short-exposure images; however, this conclusion is less evident than in standard speckle interferometry with incoherent light.
We have adapted to our problem the analysis of Mavroidis et al. 31 for the imaging of coherently illuminated objects through turbulence. As in their approach, we consider the following simplifying assumptions:
1. Obliquity effects are ignored, even if the mosaic is illuminated by the waist of a Gaussian laser beam rather than strictly by a unit-amplitude plane wave.
2. Isoplanatism is assumed, since only small foveal patches (5 arcmin) are imaged. 9 3. The optical system of the eye is not diffraction limited, but numerical results and experimental observations made with aberrated telescopes show that diffraction-limited information of the object can also be extracted, although it is somewhat attenuated. 32, 33 We assume diffraction-limited optics to simplify the analytical expressions.
4. As mentioned above, the phase statistics of the light at the pupil plane are taken to be a complex Gaussian process added to the wave-front aberration.
5. The reflectivity of the mosaic remains unchanged in magnitude, and all the cones are considered to be equally bright, so that any variations in photopigment bleaching are ignored.
6. When treating an ensemble of object statistics, we also considered it as a Gaussian process, since the optical roughness of the object (mean optical path differences due to the differences in lengths of the cones) is of the order of magnitude of the optical wavelength (Subsection 2.A).
It is noteworthy that although these simplifying assumptions are necessary for obtaining the analytical results, most of them will not be used in the computer simulation.
As in the analytical study by Mavroidis et al. 31 we consider three different cases: (a) The cone mosaic is illuminated by incoherent light, (b) the average power spectrum is obtained and analyzed for the coherent case, assuming that the mosaic is stationary, and (c) the coherent imaging is extended to the case in which the mosaic moves slightly from one exposition to the next. (Since the cone mosaic has been assumed to be randomly rough, the phase distribution is a statistical function, and it is possible to average the power spectrum over the object ensemble as well.) Other cases were also studied by computer simulation, as is described in Section 6.
A. Incoherent Imaging
Assuming isoplanatism, conventional incoherent imaging is ruled by the following equation:
where i(x) represents the instantaneous image intensity, o(x) the object intensity, and h a (x) the instantaneous amplitude-spread function (square root of the pointspread function); represents convolution and x a twodimensional angular coordinate. The Fourier transform of h a (x) represents the pupil function [or, equivalently, the coherent optical transfer function, H a (u), with u being the angular-frequency variable]. As described in Subsection 2.B, it contains the instantaneous degradation that is due to the turbulence, apart from the deterministic aberrations of the optical system. The instantaneous incoherent transfer function of the system, T(u), is given by the autocorrelation of the pupil function:
The imaging equation, Eq. (3), in Fourier space becomes A conventional long-exposure image is obtained by averaging over time or over a large number of short-exposure frames, I(u); in the Fourier space it is given by
The long-exposure transfer function, ͗T(u)͘, was computed in our model eye and is represented in Fig. 2 . It represents the low-pass filtering of the high-frequency content of the object. In speckle interferometry, one computes the average of the power spectra of the short-exposure frames, ͉͗I(u)͉ 2 ͘, instead of averaging in the image domain:
It has been shown (even for the case of aberrated optical systems 33, 34 ) that the transfer function for average power spectra, i.e., the speckle transfer function, can be approximated by
where T dl (u) is the diffraction-limited incoherent transfer function and k is an attenuating factor related to the properties of the turbulence. Equations (7) and (8) demonstrate that the average power spectrum of the image carries diffraction-limited information. Furthermore, the speckle transfer function can be estimated by computing the average power spectrum of a point object, so that the object's power spectrum can be recovered by a standard deconvolution:
B. Coherent Imaging: Averaging over the Statistics of the Intraocular Media Coherent imaging is governed by the following expression:
which relates the instantaneous complex amplitude of the image i a (x) and of the object o a (x) instead of the intensities. The complex amplitude of the object, o a (x), is the cone mosaic in our particular case, as described in Subsection 2.A. To investigate separately the relative effects of eye movements and turbulence, we first assume that the cone mosaic is static, so that any time-varying change in the wave-front distortion is induced only by changes within the intraocular media. The long-exposure image intensity is given by
with averaging over the turbulence statistics, denoted by ͗. . .͘ ␣ . In Fourier space the long-exposure image intensity can be written as
where C ␣ (u) is the spectrum of the turbulence, 34, 35 and I a,dl (u) is the Fourier transform of the diffraction-limited image amplitude. As with incoherent imaging, the turbulence limits resolution [C ␣ (u) acts as a low-pass filter], although in this case there is no linear relationship between image and object intensities.
The average power spectrum has been analytically computed by Mavroidis et al. 31 :
This analytical result was obtained after we made the rather strong simplification ͓C ␣ (u) ϭ ␦ (u)͔, which implies severe degradation by the turbulence (i.e., no spatial correlation between adjacent phase distortions). This simplification will not be made in our computer simulation, but it was necessary to obtain a relatively simple analytical expression showing that the average power spectrum retains diffraction-limited information about the object. Equation (13) consists of two terms: the first one is the squared modulus of the Fourier transform of the intensity of the long-exposure image; the second is the autocorrelation of the power spectrum of the diffractionlimited object and thus contains diffraction-limited information about the object, reaching the diffraction-limit incoherent cutoff frequency.
C. Coherent Imaging: Average over the Statistics of the Intraocular Media and of the Object's Phase
Mavroidis et al. 31 showed that when the object was randomly rough and, instead of being stationary and deterministic, moved slightly from one exposure to the next, the average power spectrum in the coherent case resembled more that obtained in the incoherent case, although the analytical expression is again difficult to interpret. In the particular case of coherent imaging of the cone mosaic, this situation would be more realistic, because the cone mosaic is not a static object. As a result of small eye movements and slight fixation errors, partially overlapping or closely adjacent but not exactly the same, foveal patches are irradiated and imaged from one exposure to the next. We assumed that these slight movements induce changes in the phase distribution between frames, with random phase differences introduced by the cones. Such phase differences were assumed to follow complex Gaussian statistics (Subsection 2.A).
Mavroidis et al. 31 showed that again in a limiting case, for C ␣ (u) ϭ ␦(u) and for a point object,
where the left side represents the average over the statistics of the turbulence, ͗. . .͘ ␣ , and of the object, ͗. . .͘ o , and the right side represents the average power spectrum of a point source for incoherent imaging [Eq. (7)]. The simplified case represented in Eq. (14) shows that there is a close connection between speckle interferometry results obtained with incoherent objects and results obtained with coherent illumination when the average is also performed over the object statistics.
COMPUTER SIMULATION
In this section we present the results of a computer simulation of the ocular speckle interferometry method for the three cases considered above: incoherent imaging, (case 3A); coherent-image averaging over the intraocular media statistics, (case 3B); and coherent-image averaging over the object's phase statistics, as well as over the intraocular media statistics (case 3C). Another case of coherent imaging, averaging only over the object's phase statistics, will be briefly discussed in Section 6. For the simulation of incoherent imaging (case 3A) the object o(x) is the intensity (squared modulus) of the cone mosaic, as modeled in Subsection 2.A. The instantaneous incoherent MTF, T(u), is computed for 12 different realizations of the intraocular turbulence by setting the pupil function, H a (u), as described in Subsection 2.B. The corresponding series of 12 short-exposure images is then generated following Eq. (3). Figure 3(a) shows one sample. The regular patterns in each short-exposure image appear partially blurred by the instantaneous incoherent transfer function, and they change from one exposure to the next. The appearance of the patterns resembles in some ways the appearance of the patterns in the short-exposure images of the cone mosaic registered by Miller et al., 8 which is not surprising since Miller et al. broke the coherence of the laser beam by means of rotating diffusers.
The average power spectrum is computed with Eq. (7) and is displayed in the same way as our experimental power spectra 9 ; the result is shown in Fig. 3(b) on a logarithmic scale, with the central peak ignored. Figure 3 (b) presents a ring approximately at the characteristic spatial frequency of the cone mosaic. The cutoff frequency (beyond which the signal is 0) is that of the diffractionlimited system [160.7 cycles/degree (c/deg) for a 5-mm pupil diameter and a 0.543-m wavelength].
Following Eq. (10), we obtained a series of shortexposure images for the coherent case. We show an example in Fig. 4(a) . In this first case the cone mosaic is assumed to be static, and only disturbances within the intraocular media give rise to different realizations of speckle patterns (Subsection 3.B) . The images show fully developed speckle patterns, very similar to the ones obtained in our in vivo experiments. 9 The power spectrum of each individual image also presents a ring or hexagon, which is better revealed in the average power spectrum, shown in Fig. 4(b) , although it is less evident than in the incoherent case. We mentioned above that it is difficult to state in a quantitative manner that the power spectrum averaging over the turbulence statistics, when coherent light is used, contains high-resolution information. Nevertheless, the computer simulation shows that the diffraction-limit cutoff frequency is reached and that the characteristic spatial frequency of the cone mosaic can be extracted.
To illustrate a more realistic case (3C), we generated a series of 12 speckle patterns, each corresponding to a different realization of the turbulence within the intraocular media and now also to different random-phase differences between cones. As stated earlier, this situation would correspond to slight movements of the eye and thus of the foveal patch illuminated and imaged. If fixation is accurate, the cone topography can be deemed invariant among separate exposures. Thus we considered changes of the phase distribution only, keeping the cone distribution and amplitude constant. The speckle patterns [ Fig. 5(a) ] look similar to those in Fig. 4(a) . The resulting average power spectrum is shown in Fig. 5(b) . Now the ring is much more evident, more similar to the incoherent result, as predicted by the theory.
One-dimensional plots of the logarithm of the average power spectra present peaks at the spatial frequencies that must be close to the characteristic spatial frequency of the cone mosaic at a given retinal location. Figure 6 represents the radial profiles for the average power spectra obtained in the three cases tested: case 3A, incoherent imaging (solid curve); case 3B, coherent imaging for single averaging (short-dashed curve), and case 3C for double averaging (long-dashed curve), along with the power spectrum of the object (dashed-dotted curve). The peak values, which vary slightly from one case to another, are shown in Table 1 , which also includes the case of coherent imaging of cones of equal length (no phase variation); this has not been included in Fig. 6 for the sake of clarity. The value closest to the original is recovered by using incoherent light. Using coherent imaging, averaging over turbulence and phase statistics, causes the recovered spatial frequency of the mosaic to approach that obtained with incoherent imaging, supporting the analytical results predicted by Mavroidis et al. 31 The presence of random phase differences in the mosaic's complex amplitude, even in the case of a stationary mosaic, provides better results with respect to the case of cones with equal phase, as suggested by Atkinson et al. 10 These results support the experimental data obtained with both incoherent 8 and coherent 9 light. This simulation can explain why for a specific observer tested within a period of 10 months with both the apparatus at the University of Rochester and ours, we found that cone spatial frequencies were lower by a factor of ϳ8% when measured with coherent light.
The explanation for such shifts from the theoretical value (Table 1 , first column) is straightforward. The peaks are modulated by a monotonically decreasing speckle transfer function that lowers the peak maximum, shifting its centroid to a lower spatial frequency. In conventional stellar speckle interferometry this effect is compensated by deconvolving the average power spectrum of the image 7 [Eq. (9)].
SPECKLE TRANSFER FUNCTION: DECONVOLUTION OF THE AVERAGE POWER SPECTRUM
In Subsection 2.B we estimated the standard longexposure incoherent MTF, ͗T(u)͘, by averaging 36 simulated short-exposure images of a point source and taking Fourier transform of the average. The same set of images was used to calculate the speckle transfer function, ͉͗T(u)͉ 2 ͘, as the average of the power spectra of each individual image. Figure 7 shows the radial profile in a logarithmic scale.
A. Deconvolution of Simulated Average Power Spectra
For incoherent imaging (case 3A), the average power spectrum of the original mosaic can be recovered just by dividing the average power spectrum of the image by the speckle transfer function [Eq. (9)] at all frequencies up to the diffraction-limit cutoff (nonzero spatial frequencies). The deconvolved average power spectrum is shown in Fig.  8(a) .
In the coherent case there is no linear relationship between the average power spectra of image and object (i.e., there is no linear transfer function). However, we can apply a pseudodeconvolution (division by the computed speckle transfer function), as suggested by Mavroidis et al. 31 The deconvolved average power spectrum, for the more realistic double-averaging case (3C) is shown in Fig.  8(b) . It is noteworthy that the higher spatial frequencies have been so enhanced that a second harmonic of the fundamental frequency, at a spatial frequency twice the principal one, is now partially revealed as a vignetted ring.
The second column in Table 1 shows the corrected spatial frequencies of the peaks. The amount of improvement is ϳ3%. The correction is complete for the incoherent case, and the results are improved for all the cases considered for coherent imaging, although the match is not exact, owing to the lack of a real linear transfer function. Nevertheless, the underestimation is less than 7-8%. Fig. 7 . Radial profile of the simulated speckle transfer function (logarithm). It has been scaled so as to show the recovery of spatial frequencies up to the diffraction limit of the optical system of the eye and normalized to 1 (160.7 c/deg for a 5-mm pupil size and ϭ 0.543 m). 
B. Deconvolution of Experimental Average Power Spectra
In astronomical applications it is common to register a series of short-exposure images of a point star near the astronomical object under consideration (within the isoplanatic path) to obtain the speckle transfer function of the telescope-atmosphere combination. In the case of the eye this is not possible. The assumptions considered in the double-pass technique, which allow us to determine the long-exposure MTF by projecting a point on the retina and registering the light reflected back from the eye, 27, 36 do not hold for the calculation of the speckle transfer function. As a first rough approximation, we applied the optical model of Subsection 2.B to deconvolve experimental data. Thus we used the same speckle transfer function as in the computer simulation to perform a pseudodeconvolution of our experimental average power spectra. In this way we obtained very similar results and rates of improvement of the peak for all subjects and eccentricities. Figure 9 shows a characteristic example, which corresponds to the average power spectrum for one subject (MA) at 0.5 visual degrees of retinal eccentricity. Figure  9 (a) is the result before deconvolution, and Fig. 9(b) is the result after pseudodeconvolution. The contrast of the ring is improved, and a slight shift of the peak toward a higher spatial frequency (from 63.2 to 66.5 c/deg) is produced (4.5% of increment), partially compensating the underestimation caused by speckle interferometry.
DISCUSSION
The results obtained in the above simulation are quite similar to those obtained experimentally. The simulated images of the cone mosaic for the case of coherent illumination closely resemble those registered in our laboratory with 5-ms laser beam flashes. In addition, the computed average power spectra present similar rings, with the radii close (but at slightly lower frequency) to the characteristic spatial frequency of the cone mosaic at the tested retinal location. The images recorded experimentally are subject to several sources of error (errors in fixation, defocus, saccadic movements, etc.) that have not been included in this simple simulation. Nevertheless, our schematic model has been able to reproduce the basic facts.
We have shown in a previous paper 9 that some of the incertitude produced by uncontrolled factors could be compensated by a preselection of the best speckle patterns. This helped to improve the results in the sense of obtaining a more visible ring or hexagon in the average power spectra. In order to evaluate a more difficult case, we also simulated the extreme situation of the cone mosaic with no modulation in amplitude reflectivity, assuming the cone mosaic to be only a phase object. The shortexposure images [ Fig. 10(a) ] were similar to the ones previously shown, perhaps with a more random structure that reminds us of those obtained for specific subjects [e.g., subject MR, Fig. 10(b) ]. A faint ring can be discerned in the resulting average power spectrum [shown in Fig. 11(a) ] at the expected spatial frequency. We found a significant improvement after rejection of the worst speckle patterns from the digitally generated series. The power spectrum, averaged over the five best images, reveals a ring of higher contrast [ Fig. 11(b) ]. In addition, this simulation also demonstrates that even without modulation in the reflectivity, the use of coherent light allows the extraction of information about the topography of the cone mosaic, contained in the local differences of refractive index. Although in our model the deterministic aberrations (rms ϭ 0.62) and the random component (rms ϭ 0.45) have the same order of magnitude, it can be argued that the random phase fluctuations still make a relatively large contribution in the overall wave-front aberration. There are no sufficient experimental data in the literature to model the random time-varying higherorder terms. In any case, our goal was to be realistic about those aspects relevant to ocular speckle interferometry, whereas accuracy in the exact values of the chosen parameters was secondary. Our only test of the plausibility of those values was the good agreement of the resulting MTF with experimental data (see Fig. 2 ). A sec- ond support is the good qualitative resemblance between the simulated images and the experimental images, as well as the good quantitative agreement between the simulated and the measured power spectra. Nevertheless, to study how critical the random component is in the wave aberration, we made the random-phase component at the pupil plane a constant and simulated the coherent process averaging only over object statistics (i.e., assuming phase differences caused only by the random variations of the cone lengths). We treated the case of random length variations of the cones with different standard deviations: 0.044 (the case described in the model), 0.13, 0.27, and 0.44 (or the equivalent standard deviations of the phase differences: 0.088, 0.26, 0.55, and 0.88, respectively), following Gaussian statistics. These cases represent retinal surfaces of increasing roughness. For the flattest surface (0.044), the speckle patterns were highly correlated in the same series. Therefore all the individual power spectra exhibit almost the same rings, a result that differs from what we found experimentally. Figure 12 shows the results for the last three cases. For the intermediate cases [ Figs. 12(a) and 12(b) ] the simulated speckle patterns are uncorrelated, and the average power spectrum exhibits either a clear [ Fig. 12(a) ] or a faint [ Fig. 12(b) ] ring. When we consider the highest surface roughness (unlikely for the retina 26 ) (0.44), the evidence of the ring in the average power spectrum practically disappears. In summary, for a wide range of random variations of the cone lengths, ocular speckle interferometry with use of coherent light allows us to recover high-resolution information. However, we think that the case that includes movements at both the retinal plane and the pupil plane is more realistic.
In the simulations so far, we assumed that the reflectivity of the cone mosaic and the cone distribution were identical in all the exposures of a series, and although slight movements were considered, these affected only the phase distribution. This is a simplification that involves considering local homogeneity of the mosaic and neglecting the linear Fourier phase associated with a shift of the object (which in any case is lost when the power spectrum is computed). Fixation errors are assumed to be a minor 11 . (a) Log average power spectrum, corresponding to a series of 12 computer-generated images, a sample of which appears in Fig. 10(a) . (b) Log average power spectrum after selection of the five best patterns from the series. effect during the course of an experiment, especially since the participants were trained subjects. Nevertheless, we noticed that a series registered for the same subject at the same retinal eccentricity and under the same conditions in different experimental sessions yielded average power spectra with rings of the same mean radius but slightly different ellipticity and orientation. 9 The power spectra of adjacent (only ϳ2.5 arcmin apart) cone mosaic patches (from the histological study of Curcio et al.
11
) show elliptical rings of very different orientation (see Fig. 13 ), demonstrating that a slight change in the fixation criterion is responsible for the observed effect. This confirms that the principal axes of the lattice rapidly change from one location to the other, and therefore no conclusion on the anisotropy of the cone topography can be inferred with our technique.
Most of our experimental short-exposure images were obtained on observers under natural vision conditions, that is, with nondilated pupils and free accommodation. 9 We observed that with good optical correction cooperative subjects kept their accommodation well enough that fluctuations in accommodation did not impose a major problem. Some theoretical and experimental studies 32, 33, 37 Fig. 12. Log average power spectra for a series of images simulated assuming coherent illumination and phase variations due only to retinal movements, for three different photoreceptor roughnesses: (a) 0.13, (b) 0.27, (c) 0.44. Fig. 13 . Log power spectra corresponding to adjacent foveal patches. Even if the two foveal patches are only 2.5 arcmin apart (center to center), the orientation and the ellipticity of the rings present in the power spectra differ significantly.
have examined the influence of aberrations, particularly defocus, on the ability of speckle interferometry to provide high-spatial-frequency resolution of incoherently illuminated objects. They demonstrate that information up to the diffraction limit is still possible to achieve, although the signal-to-noise ratio is decreased. As a control experiment we registered a series of short-exposure images with different amounts of artificial defocus on a particular subject with paralyzed accommodation. We showed that focusing errors of approximately Ϯ1 diopter (D) prevented observation of a ring in the power spectrum. Similarly, we repeated the simulation described in Subsection 3.B with inclusion of a term corresponding to defocus in the Zernike polynomial expansion of the wavefront aberration. For the particular case of 1 D of defocus also, the simulated average power spectrum displayed a significant decrease of both the effective cutoff spatial frequency and the signal-to-noise ratio; consequently, no clear ring could be observed. Both the experimental and the simulated power spectra exhibited a ring for slight amounts of defocus, like those produced by fluctuations in accommodation in experimental conditions.
Another fact that we had observed in the experimental results was that the average power spectra corresponding to the highest retinal eccentricity tested (1 deg) frequently presented a clear hexagon rather than a ring. 9 Owing to the rapid decline of the cone density with retinal eccentricity, the number of cones illuminated with the spot of light (unchanged in the experiment) should also decrease. Hence we argued that since at 1-deg eccentricity fewer cones are being illuminated, fewer changes in the orientation of the principal axes of the hexagonal array occur within the sample area. We reproduced this finding by means of a computer simulation. In the simulations described above, we considered foveal patches of ϳ10 cones in diameter, illuminated by a Gaussian spot of light of ϳ5 arcmin angular extension. We evaluated the effect of reducing the number of cones within the illuminated area. Figure 14 compares the power spectra corresponding to the same foveal patch, illuminated with a 2.5-arcmin spot of light [ Fig. 14(a) ] or a 5-arcmin spot [ Fig.  14(b) ]. The power spectrum presents six clear peaks forming a hexagon [ Fig. 14(a) ] when fewer cones are illuminated or a ring [ Fig. 14(b) ] when more cones are illuminated.
In conclusion, we have presented the theoretical and numerical background of ocular speckle interferometry method for determining foveal cone distribution. We computer simulated the method by modeling a foveal patch, imaged through a simulated optical system with either incoherent or coherent illumination. The analytical formulation of speckle interferometry for the coherent case, which we review here along with the incoherent case, demonstrates that diffraction-limited information can be extracted. The realistic computer simulations show that the method can be applied to resolve the cone mosaic. The computer-generated speckle patterns resemble the series of short-exposure images experimentally registered in living observers. The resulting average power spectra present a ring whose radius approximately corresponds to the characteristic spatial frequency of the cone mosaic. According to the experimental observations, the characteristic spatial frequency seems to be slightly underestimated. Incoherent imaging provides slightly more accurate estimates of the characteristic spatial frequency of the mosaic. In all cases the results improve (and are completely corrected for the case of incoherent imaging) by deconvolution by a speckle transfer function, which is obtained as the average power spectrum corresponding to a point source. For the coherent case, pseudodeconvolution cannot completely compensate for a small shift toward lower frequencies. We applied pseudodeconvolution to experimental data, obtaining slightly higher values of cone frequency, as predicted by the simulation.
In addition, the possible improvement of the visibility of the rings by image selection, the effect of defocus or of small errors in fixation, and other effects relevant to the method are discussed with the help of computer simulations. 
